Understanding factors involved in maintaining stable hybrid zones is important for predicting the ultimate fate of the interacting taxa, but the relative importance of mechanisms such as ecological selection and intrinsic reproductive isolation remains unclear. Most studies of reproductive isolation in hybrid zones have focused either on zones with strongly bimodal patterns in genotype or phenotype frequencies, with relatively strong isolation, or unimodal zones with relatively weak isolation, whereas less is known about more intermediate classes of hybrid zone. Here, we utilize a hybrid zone of this intermediate type occurring between northern and southern subspecies of Atlantic killifish, Fundulus heteroclitus, to identify isolating mechanisms playing a role in maintaining this type of zone. The two subspecies differ in environmental tolerance, and we found some evidence of microhabitat preference between subspecies within a small tidal creek at the centre of the hybrid zone. There was also an association between sex, mitochondrial genotype and habitat within this creek. Fertilization success did not differ between consubspecific and heterosubspecific crosses, but hatching success was significantly lower for crosses involving southern males and northern females, and crosses between southern females and northern males had altered developmental rates. Southern females and northern males showed patterns consistent with positive assortative mating. Together, these results indicate a role for a combination of factors including assortative mating and/ or early hybrid inviability in the maintenance of this hybrid zone and suggest that hybrid zones with intermediate levels of reproductive isolation are likely to be maintained by multiple interacting isolating mechanisms.
Introduction
Stable hybrid zones that traverse ecological gradients provide particularly interesting case studies of the factors maintaining differentiation between recently diverged taxa, as these zones can be maintained by either intrinsic or extrinsic reproductive isolating mechanisms, or a combination of the two (Bierne et al., 2011) . Extrinsic (or exogenous) reproductive isolating mechanisms have a component associated with external environmental factors. For example, extrinsic prezygotic barriers include differences in habitat preference between the parental types, and post-zygotic extrinsic barriers involve reduced viability and/or reproductive success of hybrids in specific environments. Hybrid zones stabilized by extrinsic reproductive isolating mechanisms are, therefore, likely to be located at transitions between specific environmental or ecological features (Barton & Hewitt, 1985) . Intrinsic (or endogenous) reproductive isolating mechanisms, on the other hand, occur independent of the external environment and include premating prezygotic barriers such as gamete incompatibility, as well as post-mating prezygotic barriers as a result of differences in fertilization success (e.g. due to gametic incompatibilities) between divergent populations (Seehausen et al., 2014) . Postzygotic mechanisms such as hybrid inviability, sterility and hybrid breakdown can also act as intrinsic reproductive isolating mechanisms (Mayr, 1970; Palumbi, 1994) . Hybrid zones between taxa that are reproductively isolated as a result of intrinsic factors are referred to as tension zones (Barton & Hewitt, 1985) , and their locations are not necessarily linked to any particular environmental feature. However, as pointed out by Bierne et al. (2011) , extrinsic and intrinsic reproductive isolating mechanisms can interact, and the coupling between these mechanisms can cause hybrid zones that are primarily stabilized by intrinsic reproductive isolating mechanisms to be located in areas of geographical transition between environmental or ecological characteristics. As a result, it can be challenging to evaluate the potential reproductive isolating mechanisms operating in hybrid zones that span an ecological or environmental gradient as they may be stabilized by multiple interacting isolating mechanisms.
Hybrid zones can be divided into three main types depending on the distribution of genotypic classes within the zone (Jiggins & Mallet, 2000) . Unimodal hybrid zones are characterized by a predominance of genotypically intermediate types, forming a hybrid swarm, whereas in a bimodal hybrid zone, most individuals are similar to the two parental types, and hybrids are present only at a low frequency if at all. However, in nature, hybrid zones can be classified along a continuum from fully unimodal to fully bimodal. It has been suggested that one of the key features differentiating bimodal from unimodal hybrid zones is that bimodal zones are characterized by strong intrinsic prezygotic reproductive isolation, whereas prezygotic reproductive isolation is weak or absent in unimodal hybrid zones. In contrast, both bimodal and unimodal hybrid zones have been shown to exhibit a wide spectrum of strengths of post-zygotic isolating mechanisms, which may be either intrinsic or extrinsic (reviewed in Jiggins & Mallet, 2000) . However, most studies of mechanisms of reproductive isolation in hybrid zones have focused on either strongly unimodal or strongly bimodal zones, and less is known about the relative roles of different types of reproductive isolation in hybrid zones that fall into intermediate categories.
Here, we utilize one such 'intermediate' hybrid zone, between subspecies of the Atlantic killifish, Fundulus heteroclitus, to assess the role of various classes of reproductive isolating mechanisms in maintaining this hybrid zone to provide insight into the role of reproductive isolating mechanisms in hybrid zones with intermediate levels of reproductive isolation.
Atlantic killifish are abundant topminnows found in the brackish waters of estuaries along the eastern coast of North America from Newfoundland, Canada, to northern Florida, USA (Hardy, 1978) . A northern subspecies (Fundulus heteroclitus macrolepidotus) is found from northern New Jersey, USA, to Newfoundland, Canada, and a southern subspecies (Fundulus heteroclitus heteroclitus) is found from southern New Jersey, USA, to northern Florida, USA (Morin & Able 1983) . A hybrid zone, located along the central New Jersey coast, currently connects the two subspecies. There are clines of varying steepness at multiple loci in F. heteroclitus populations along the Atlantic coast, including a particularly steep cline in mitochondrial genotype (e.g. Ropson et al., 1990; Strand et al., 2012; McKenzie et al., 2015 McKenzie et al., , 2016 , and multiple studies have attempted to examine factors responsible for these clines. Most of this work has focused on the relative roles of neutral process vs. environmental selection due to temperature (e.g. Whitehead & Crawford, 2006) or salinity (e.g. Whitehead et al., 2011) , because of the evidence suggesting divergent ecological adaptation between the two subspecies. However, there has been limited consideration of the possible role of intrinsic reproductive isolation mechanisms in maintaining this hybrid zone.
There are behavioural, morphological, biochemical and physiological differences between the two subspecies that could potentially act as either extrinsic or intrinsic reproductive isolating mechanisms (Table S1 ). For example, adults as well as gametes of respective subspecies exhibit divergent microhabitat preferences in temperature and/or salinity which could limit the extent to which these two subspecies interbreed, or resultant offspring survive, in areas of sympatry (Able & Palmer, 1988; Smith et al., 1998; Scott et al., 2004; Fangue et al., 2006; Whitehead et al., 2011) . Morphological features also differ among the subspecies of F. heteroclitus (Table S1 ) and are particularly prominent in sexually mature adults providing potential cues for the promotion of positive assortative mating (Able & Felley, 1986) . There are also dramatic differences in egg surface morphology between northern and southern F. heteroclitus subspecies, which may hint at underlying differences in key gametic traits (Shanklin 1959; Able & Castagna, 1975; Brummett, 1966; Brummett & Dumont, 1981; Morin & Able 1983) . Lastly, the subspecies have been shown to differ in developmental rate (Table S1) , with embryos of the northern subspecies developing faster than those of the southern subspecies (DiMichele & Westerman, 1997) . Funduus heteroclitus females lay their eggs at the level of the highest tides, and the eggs develop aerially, with hatching timed to the return of the highest tides. Thus, the timing of hatching is critical to survival, and this trait is thought to be under strong balancing selection (Williamson & DiMichele, 1997) . This opens the possibility of post-zygotic breakdown in hybrids that could develop at inappropriate rates.
We have recently characterized patterns of hybrid indices in a population located at the centre of the steep mitochondrial cline along the coast of New Jersey. Analysis of microsatellite markers detected a significantly bimodal distribution of hybrid indices indicating a deficit of F1 hybrids and backcross types between these subspecies (McKenzie et al., 2015) , whereas SNP genotypes suggested a flat distribution of hybrid indices (McKenzie et al., 2016) . Taken together, these data suggest that the killifish hybrid zone is representative of a type somewhere along the continuum from a unimodal zone to a fully bimodal zone, suggesting that multiple isolation mechanisms may be acting. In addition, we have shown that a handful of nuclear markers form steep, coincident and concordant clines with the mitochondrial cline suggesting a potential role for cytonuclear epistasis in the maintenance of this zone (McKenzie et al., 2016) .
To begin to distinguish among the potential pre-and post-zygotic isolating mechanisms operating between these subspecies, we collected fish from marshes associated with a single creek at the centre of the steep mitochondrial DNA cline along the coast and genotyped them at nine microsatellite loci and 31 single nucleotide polymorphisms (SNPs; one mitochondrial and 30 nuclear). We used data from individuals collected across several sites (Cherokee Lane, Rancosas, Margarita, Midstream, Crescent Park Woods, Parker & 1st, Hidden Harbour, Osprey) and two seasons to ask whether the coastal and Chesapeake Bay clines in F. heteroclitus are replicated at small spatial scales, which would suggest a role for habitat specialization as a premating prezygotic reproductive mechanism. Next, we used individuals from the extremes of the species' distribution (Hampton, New Hampshire and Beaufort, North Carolina, USA) to answer the following questions: (1) Is there evidence of positive assortative mating among these individuals indicative of intrinsic premating isolation? (2) Are there differences in fertilization success between the subspecies suggestive of intrinsic post-mating prezygotic isolation, and lastly? (3) Are there differences in hatching success or developmental rate among eggs resulting from reciprocal hybrid crosses which may be indicative of intrinsic post-zygotic hybrid breakdown? Taken together, the results presented here highlight the potential for intrinsic reproductive isolation in the maintenance of a hybrid zone between two closely related taxa that have undergone ecological divergence.
Materials and methods
Microhabitat specialization: fish collection, genotyping and analyses Fundulus heteroclitus (457 individuals) were collected from various locations along the shoreline of Beaverdam Creek in north central New Jersey (Table 1 ; Fig. 1 ) to test the hypothesis that microhabitat specialization is a factor influencing premating reproductive isolation in this species. Beaverdam Creek is approximately 3.18 km long and is located at the centre of the mtDNA cline along the Atlantic coast (McKenzie et al., 2015) . This small, tidally influenced creek experiences tidal heights from 0.01 to 0.10 m. Samples were collected during two seasons. The first collection took place in the summer (June) of 2008 (n = 114) from three locations at the upstream end, middle and downstream mouth of the creek (1. Cherokee Lane, 4. Midstream and 8. Osprey, respectively; Fig. 1 , Table 1 ). The creek was revisited in the fall (November) of 2009 (n = 343) when fish were sampled from eight locations along the length of the creek including the three locations from the previous summer (Table 1 ). In the summer, the effects of temperature and salinity in this small tidally influenced creek are confounded because the upstream end of the creek, where salinity is the lowest, is also the area where temperatures are the highest (Table 1 ). In the fall of 2009, temperature was constant across the length of the creek. Thus, these two collections can help disentangle salinity and temperature as abiotic factors that might influence habitat choice in this species.
Fish were collected using minnow traps and trap set time ranged from 2-6 h. A YSI handheld multiparameter meter was used to measure temperature and salinity at each sampling location. A fin-clip was taken from each individual and preserved in 95% ethanol. et al., 2004) . Groups of individuals were tested for significant departures from Hardy-Weinberg equilibrium (HWE) using the exact test as performed in Genepop 4.0.10 (Raymond & Rousset, 1995) . Each locus in each population was tested for heterozygote excess and heterozygote deficiency using the following Markov chain parameters: dememorization number = 1000; 100 batches; 1000 iterations per batch. Tests of linkage disequilibrium were performed for all locus pairs (microsatellite and SNPs) in all populations of fish using the Black and Krafsur procedure in Genetix 4.05.2 (Cockerham & Weir, 1977; Belkhir et al., 1999) . Individuals were tested for evidence of cytonuclear disequilibrium among mitochondrial types and SNP markers using the program CNDd (available at http://statgen.nc su.edu/cnd/CNDd.php; Asmussen & Basten, 1996; Basten & Asmussen, 1997) . Pairwise F ST s among sites within each sampling season, between sampling sites visited in both seasons and between sexes at different locations for the Summer 2008 data set were calculated using Arlequin version 3.5.1.2 (Excoffier et al., 2005) .
As an alternate approach to examine multilocus patterns of genetic variation among sites, we calculated hybrid index for each individual using either all microsatellite loci or a subset of SNPs and compared the frequency distribution of these hybrid indices among sites. We used only a subset of the SNPs for the calculation of hybrid index because in previous work, we have shown that this subset of the SNP loci exhibits steep clines coincident and concordant with the mitochondrial cline suggesting that these markers may be under strong selection (McKenzie et al., 2016) . These markers (SLC25A3, HDDC2, myoglobin, 40S ribosomal protein and actin-binding LIM protein) and their overlap with the mtDNA cline are of particular significance because the northern and southern subspecies of killifish differ significantly in a number of traits related to oxidative metabolism (Table S1 ). Furthermore, our previous study found that hybrid indices calculated using this subset of nuclear SNPs produced a nonunimodal frequency distribution of hybrid indices for individuals collected from a single location in the marsh sampled in this current study which is suggestive of selection operating against advanced generation hybrids. The marsh under investigation is located at the centre of the clines produced by the mtDNA and the five associated SNPs. The program INTROGRESS was used to calculate a hybrid index for each individual collected in both Summer 2008 and Fall 2009 sampling seasons (Gompert & Buerkle, 2009 , 2010 . Additional samples from sites located at the northern and southern edges of the hybrid zone (Rutgers University Marine Field Station, NJ, and Cheesequake, NJ; see McKenzie et al., 2015) were used as parental types in training the program as individuals from these locations are more likely to genetically resemble fish from the centre of the hybrid zone than are those fish from populations from the extremes of the species distribution. The program diptest (Maechler, 2013) as implemented in the R 3.0.2 (R Core Team, 2013) was used to test each frequency distribution of hybrid index values against a null hypothesis of unimodality (Hartigan, 1985; Hartigan & Hartigan, 1985) . Specifically, values of the D test statistic increase as departures from unimodality increase (and consequently P-values decrease, indicating a significant departure from unimodality when P < 0.05). JMP 9.0 (SAS Institute, Cary, NC, USA) was used to test for deviation of sex ratios and mitochondrial proportions from expected values and to test for independence of sex and mitochondrial type (chi-square or Fisher's exact test as appropriate) among individuals from the three sites visited in the Summer 2008 (as this was the only season in which sex could be determined). R (R Core Team, 2013) was used to perform the Fisher's exact test for all sex vs. cytonuclear type combinations between the mitochondrial (M, m) and SNP (A, a) genotypes (AAM, AaM, aaM, AAm, Aam, aam, where all upper case represents a pure southern cytonuclear type and all lower case indicates a pure northern individual). The 18 SNPs found to be in significant association with sex and mitochondrial type were then subsequently used to calculate hybrid indices using the program INTROGRESS (as described above) to further investigate the relationship between sex, mitochondrial type and multilocus nuclear genotype. As an alternative approach to explore these relationships, JMP 9.0 was used to perform discriminant function analyses to test the ability of multilocus nuclear microsatellite and SNP genotypes to predict known variables including mtDNA type (northern or southern), sex (where applicable) and mtDNA/sex combinations (where applicable).
Fish husbandry
Fish representative of the pure northern and southern populations of the two subspecies were collected near Hampton, New Hampshire (42.937055°N, 70.839844°W; Aquatic Research Organisms, Inc.), and Beaufort, North Carolina, USA (34.714224°N, 76.680450°W; provided by Dr. L. Campbell, University of North Carolina), respectively. All fish used in the mate choice, fertilization, hatching success and developmental rate experiments were initially housed for 1 month in 20-gallon tanks at 15°C, in dechlorinated Vancouver municipal water brought to a salinity of 20 ppt using Instant Ocean sea salts. Temperature in the tanks was then gradually increased over the course of a month until a final water temperature of 25°C was reached. This increase in temperature induces spawning in F. heteroclitus (personal observations). Fish were fed a diet of blood worms to satiation twice daily. Fish were individually marked using Visible Implant Elastomer tags (Northwest Marine Technology, Inc. Shaw Island, WA, USA) injected subcutaneously, and a fin-clip from each individual was stored in 95% ethanol for use in later DNA analysis for parentage assignment in the case of the mate choice experiment. Animal experimentation was performed in accordance with approved University of British Columbia animal care protocol A07-0288.
Fertilization success
To determine the optimal concentration of sperm for the assessment of fertilization success, sperm were extracted from reproductively active male fish using a capillary tube, concentration was estimated using a hemocytometer, and five 2,000-fold serial dilutions were prepared. 1 mL of each of these five stocks was added to one of five Petri dishes each containing 23 mL of seawater (20 ppt) and 12 eggs that were stripped from reproductively active females using light pressure on the abdomen. The eggs were incubated at 20°C for 3 h after which each egg was examined for the presence of a fertilization envelope (Armstrong & Child, 1965) . At high sperm concentrations, 3 h was sufficient to yield 100% fertilization. Per cent fertilization success was plotted against sperm concentration to determine the appropriate concentration of sperm for use in subsequent trials (Fig. S1) . A sperm concentration sufficient to achieve approximately 60% fertilization success was used to ensure that super-saturating levels of sperm were not being applied to the eggs, as high sperm concentrations can lead to successful fertilization even of gametes with limited compatibility; Levitan et al., 1991; Levitan, 2002; Palumbi, 2009; McCartney & Lessios, 2002) .
For the assessment of fertilization success in consubspecific vs. intersubspecific crosses, approximately 100-200 eggs from several females of each subspecies were stripped daily by applying slight pressure to the abdomen. The number of females varied daily depending on the number necessary to obtain this number of eggs. The eggs from all females of a single subspecies were mixed and divided across four replicate Petri dishes. As a result, each daily trial consisted of four dishes containing northern eggs and four dishes containing southern eggs (~25-50 eggs per dish). Next, sperm was stripped from two northern males and two southern males, diluted to a concentration of 100 sperm/0.1 lL and added to each Petri dish resulting in two consubspecific and two intersubspecific crosses for each subspecies. The gametes were then gently mixed and allowed to stand undisturbed for 3 h after which the number of fertilized and unfertilized eggs resulting from each cross were counted and recorded. Four trials were performed, with the same four males used for each trial. JMP 9.0 was used to perform a split-plot ANOVA testing for differences in mean fertilization success between pure and reciprocal crosses.
Hatching success and developmental rate
Because forced crosses (as performed above) can sometime result in fertilization of eggs that are not competent to hatch, we measured hatching success and developmental rate using fertilized eggs resulting from in vivo matings during July and August of 2010, at the peak of the reproductive season for this species (Table S1) . Gravid females were housed in groups of five consubspecifics with two aquaria containing southern females and two aquaria containing northern females. A single consubspecific male in breeding condition was then added to each tank, and the fish were allowed to mate freely for 14 days. At the end of a 14-day period, males were then rotated among tanks and this procedure was repeated three times such that each male was able to spend 14 days with each set of females. This entire procedure was then repeated a second time. Funduus heteroclitus spawn throughout the reproductive period (approximately March to May through August, depending on the subspecies), and populations vary in their reproductive cycle, ranging from daily to semilunar spawning (Shimizu, 1997) . Thus, the 2-weeks rotation ensured that all pairings occurred at a time when eggs were being produced. The aquaria contained multiple artificial nests consisting of two pieces of fitted polyvinyl chloride (PVC) pipe. The smaller half (diameter = 7.62 cm; height = 5.08 cm) was sealed on one end with window screen size mesh (18 9 16 openings per cm 2 ) and formed the bottom of the nest. The top half (diameter = 10.16 cm; height = 5.08 cm) of the nest was covered at one end by larger nylon mesh (5 mm mesh size) which allowed for the passage of eggs into the nest but prevented adults from entering and eating the fertilized eggs. Nests were checked daily for the presence of eggs, which were then removed and examined for the presence of a fertilization envelope. Fertilized eggs were placed in Petri dishes containing a shallow layer of water and diluted (0.03%) methylene blue (as a fungicide) at room temperature (21°C) and were monitored daily for hatching. Dead embryos were removed as necessary. Per cent eggs hatched and hatch times were recorded to assess hatching success and developmental rate of consubspecific and intersubspecific crosses. Note, that development with continual immersion is not typical for this species under natural conditions. Previous studies have demonstrated that hatching success is unaffected by immersion but developmental rates are slower compared to treatments with varying degrees of aerial emersion (Tingaud-Sequeira et al., 2009). However, because the differential effects of aerial emersion between the subspecies remain unknown, here we opted to maintain all embryos in fully immersed conditions.
Tests of assortative mating
Forty-seven adult fish originating from the northern (13 males and 15 females) and southern (ten males and nine females) subspecies were placed in a single 75 gallon tank (3 feet 9 18 inches 9 19 inches) at 25°C and 20 ppt with five nests (described above). Nests were checked daily for 32 days, and fertilized eggs were collected and hatched as described above. Embryos that died prior to hatch and all hatchlings were preserved in 95% ethanol after euthanasia with MS-222.
Qiagen's DNeasy â Blood and Tissue Kit was used to extract DNA from the adults in the mate choice experiment whereas Fermentas' Fast Tissue-to-PCR Kit â was used to extract DNA from eggs and hatchlings. Mitotype of all adult samples was determined using a previously described PCR-RFLP assay (McKenzie et al., 2015) . Parents and offspring were genotyped using seven microsatellite markers (FhATG2, FhATG18, FhATG20, FhATG4, FhATGB128, FhATGB103 and FhATGB101; Adams et al., 2005) with the same reaction mixtures and under the same PCR conditions as described in McKenzie et al. (2015) . Samples were genotyped at the University of British Columbia's Nucleic Acid Protein Service (NAPS) Unit (Michael Smith Laboratories) on an Applied Biosystems 3730 DNA Analyzer. Alleles were scored using Peak Scanner TM Software v1.0 (Applied Biosystems). The program Cervus 3.0 (Kalinowski et al., 2007) was used for parentage assignment of the offspring generated in the 'choice' breeding experiment. Briefly, this program uses likelihood to assign a candidate parent pair to each offspring. Unambiguous parentage assignments, where the likelihood of one pair parenting a particular offspring exceeded that of all other parental pairs, were retained for further analyses. Mitochondrial type for assigned parents was determined and individual parents were subsequently scored based on per cent of preferred matings with respect to consubspecific ('like') and heterosubspecific ('unlike') mates, based on mitochondrial type, which is diagnostic of subspecies origin. The mean percentage of matings among like and unlike types was calculated for each of four groups (northern females, southern females, northern males and southern males), and four Wilcoxon signed rank tests (JMP 9.0) were then conducted to determine whether matings occurred more often than would be expected by chance with consubspecific ('like') mates.
Results
In this study, we utilized nine microsatellite loci and 30 nuclear SNPs to investigate the population structure of F. heteroclitus within a single tidal creek at the centre of the mtDNA cline along the Atlantic coast in this species. All multilocus genotype data are provided in the Supplemental Information (Data S1-S7). There was no evidence of null alleles or large allele dropout among any microsatellite loci in any of the populations sampled from multiple locations within a single creek at the centre of the coastal mitochondrial DNA cline. Although there were some deviations from HWE for microsatellite loci, these were not consistent among sites or across sampling times (Table S2 ). In contrast, for SNP loci, 19 of the 30 SNPs surveyed showed significant deviations from HWE in one or more locations in one or both sampling seasons (Table S3) . Specifically, there were 12 occurrences of heterozygote deficit in the Summer 2008 sample and 20 occurrences in the Fall 2009 sample that remained significant after correction for false discovery rate (FDR; Pike, 2010) (Table S3) . However, in general, these deviations from HWE were not consistent across locations and sampling times, with the exception of those at the signalling protein 14-3-3 epsilon, which exhibited high and positive F IS in all locations in both seasons (Table S3) .
There was limited evidence of linkage disequilibrium among the microsatellite markers with the exception of a single location (Midstream), which exhibited some degree of LD in the summer, but not the fall sample (Table S2) . Similarly, for SNP loci, there were few instances of LD that remained significant after FDR correction, and there was no clear evidence of a bias towards positive values of Rij, which would indicate a significant association of alleles from like parents (Tables S3, S4 and S5) .
We saw no evidence of cytonuclear disequilibrium with the microsatellite markers. However, the SNP markers showed significant cytonuclear disequilibria across most locations and both seasons, although detection of an excess of 'matched' cytonuclear types was no more frequent than was detection of an excess of 'unlike' cytonuclear types, and no SNP showed a consistent pattern of an excess of 'matched' cytonuclear types at all locations (Table S6) .
Is there evidence of microhabitat specialization?
We used three approaches to determine whether there was evidence of microhabitat specialization in a small, tidally influenced creek in the mitochondrial cline centre of the Atlantic killifish hybrid zone: (1) comparisons of population pairwise F ST , (2) distribution of hybrid indices and (3) discriminant function analyses. Using these approaches, we found some evidence of population substructuring suggestive of the potential for differential habitat preference between populations of F. heteroclitus in this creek.
Among both Summer 2008 and Fall 2009 samples, there was no significant effect of sampling location on mitochondrial type (v 2 2 = 0.927, P = 0.6289; v 2 7 = 3.786, P = 0.8040, respectively), and there were no significant pairwise F ST s among any of the locations sampled in either season for either microsatellite or SNP loci that remained significant after FDR correction, and there was no significant F ST between seasons for the three replicated sites (data not shown). Thus, there was limited evidence for genetic differentiation among the sampling locations using this approach.
Hybrid indices were calculated to determine whether the frequency distributions patterns of these values would distinguish among fish collection locations. (Fig. S2a-e) , although not all locations had significant departures from unimodality, likely due to reduced power as a result of lower sample sizes. Hybrid index was also calculated using a subset of five SNP loci previously shown to have cline shapes coincident and concordant with the mitochondrial cline (McKenzie et al., 2016) . Consistent with previously observed patterns along the coast, there were no significant deviations from unimodality for SNP hybrid index at any (Table 2 ; Figs 2d-f and S2f-j). Overall, there was little evidence of differentiation between the sampling locations in hybrid index.
As a third approach to explore the ability of multilocus nuclear microsatellite and SNP genotypes to differentiate among fish collection location, a discriminant function analysis was performed using microsatellite data, the complete set of 30 SNPs, and the subset of 5 SNPs that have clines coincident and concordant with the mitochondrial cline for both sampling seasons (Table 3 ). All marker sets, except for the 5 SNP subset from the fall collection, provided significant discrimination among collection sites. In particular, in the summer collection both microsatellites and SNPs provided good ability to discriminate among collection locations. These data suggest that there is some genetic differentiation among locations within this single small tidally influenced creek.
Mitochondrial genotype, sex and habitat
We observed an interesting relationship between sex, collection location and mitochondrial type among individuals collected in the Summer 2008. There was a higher proportion of males (of both mitochondrial types) than females at the freshwater, warmer end of the marsh (Location 1, Cherokee Lane; furthest from the ocean; Table 4 ; Fig. 3a) . At the central location (4. Midstream), characterized by intermediate temperatures and salinity, we found a significant excess of females (irrespective of mitochondrial type) and very few males (Table 4 ; Fig. 3b ). At the mouth location (8. Osprey), characterized by cooler more salty water, we found equal proportions of both sexes and mitochondrial types. However, females possessing a southern mitochondrial type and males possessing a northern mitochondrial type were in significant excess (Table 4 ; Fig. 3c ).
Several locations exhibited significant F ST values at both the microsatellite and SNP markers when the two sexes were considered independently (Table 5) . Following FDR adjustment, the pairwise comparisons that remained significant were those between females from the middle location (4. Midstream) and males from the mouth location (8.Osprey), as calculated for both the SNP and microsatellite data, suggesting that there is nonrandom geographical segregation of sexes of divergent genetic backgrounds.
Eighteen of the 30 SNPs genotyped were found to be significantly associated with particular sex by mitochondrial-type combinations at the mouth of Beaverdam Creek (Location 8. Osprey; Table S7 ). When hybrid index was recalculated using these 18 SNPs, there was no significant difference in mean hybrid index among males and females at the end location (1. Cherokee Fig. 4a ) or at the middle location (4. Midstream; Fig. 4b ). However, males sampled from the mouth location (8. Osprey; Fig. 4c ) had a significantly higher mean hybrid index (0.614) than did females (0.355; t 47 = 3.365, P = 0.0015; two-sample t-test comparing mean hybrid index), where a hybrid index of 0 represents a pure southern genotype (RUMFS-type) whereas a value of 1 indicates a pure northern (Cheesequaketype) genotype. It should be noted that this is a phenomenon observed with the hybrid index calculated for SNP genotypes only; there was no significant difference in average hybrid index based on microsatellite genotype between males and females at this site (v 2 1 = 0.6946, P = 0.6946; two-sample Wilcoxon signrank test). The significant association between SNP hybrid index and sex taken together with the observation that males collected from this mouth location more frequently possess a northern mitochondrial type, whereas the southern mitochondrial type is significantly more common among females, suggests a possible association between mitochondrial type, nuclear type and sex.
Discriminant function analyses also affirmed many of the previously described relationships between multilocus nuclear genotype and mtDNA, sex, or combined sex and mtDNA type. Specifically, both the 
Is there evidence of gametic incompatibility?
In vitro fertilization experiments indicated that there was no significant effect of female type (F 1,6 = 1.73, P = 0.2364), male type (F 2,18 = 0.123, P = 0.9453) or cross type (F 3,18 = 0.5246, P = 0.6709) on fertilization success among pure and reciprocal crosses ( Table 7) , suggesting that there is no gametic incompatibility between the two subspecies.
Is there evidence of post-zygotic breakdown?
Hatching success was analysed using a mixed effects model with male type (northern or southern) and female type (northern or southern) as fixed effects with individual male and trial as nested random effects. There was significant variation in hatching success among males with one northern male achieving a significantly higher % hatch when compared to the other males used in the experiment (F 3,16 = 13.2221, P = 0.0001). There was also a significant interaction in hatching success between male and female type (F 9,16 = 5.5740, P = 0.0015). Hatching success was generally lower for crosses between northern females and southern males compared to the other cross types (Fig. 5) . Mean hatching times also varied among cross types ( Fig. 6 ; F 3 = 39.3932, P < 0.0001; one-way ANOVA). Offspring of pure northern crosses developed more rapidly than did offspring of pure southern crosses (12.47 AE 2.96 days vs. 15.11 AE 3.29 days; P < 0.05), consistent with previous data for this species (DiMichele & Westerman, 1997). There was no significant difference in hatching time between offspring of crosses of northern females with either northern or southern males (12.99 AE 3.45 days for the heterospecific cross), but the offspring of crosses between southern females and northern males developed significantly faster than all other crosses (9.99 AE 3.14 days; P < 0.05).
Is there evidence of positive assortative mating?
To assess whether there is any evidence of positive assortative mating between the two subspecies, we performed a laboratory breeding trial in a community tank and collected all resulting embryos. All of the parents were successfully genotyped at seven microsatellite loci and a single SNP in the mitochondrial dloop. Of the 370 embryos that died prior to hatch and 309 hatchlings collected and preserved, 76 (20.5%) of the embryos and 258 (83.5%) of hatchlings were successfully genotyped using the microsatellite loci (see Supplemental Information) . Of these 334 individuals, 212 (63.5%) could be assigned parentage with 95% confidence, and the remaining 122 (36.5%) could be assigned parentage with 80% confidence.
The majority of genotyped offspring were the result of pure crosses (Fig. 7) . Because clutch size varies among pairings, each parent that participated in 
mating(s) was scored based on the proportion of matings that occurred with individuals of like mitochondrial type and the average proportion of consubspecific matings was calculated across individuals (Fig. 8) . These values were then compared with the expected proportion of matings with like types under an assumption of no mating preference using Wilcoxon signed rank tests. Southern females had a higher than expected frequency of successful matings with consubspecifics (W 8 = 22.50, P = 0.0039), and there was a trend towards a preference for mating with consubspecifics in southern males (W 4 = 7.50, P = 0.0625), although power to detect was low for this cross type. There was no evidence of assortative mating for northern males or females (W 4 = 5.00, P = 0.1250; W 14 = 25.00, P = 0.1654).
Discussion
The strong ecological differentiation between the northern and southern subspecies of F. heteroclitus has often been interpreted as playing a role in maintaining reproductive isolation and shaping clines in allele frequencies in this species (Whitehead & Crawford, 2006; Whitehead et al., 2011) , and little attention has been paid to the potential role of intrinsic reproductive isolating mechanisms. Indeed, it is generally assumed that the northern and southern subspecies of F. heteroclitus interbreed freely in both the laboratory and in nature (e.g. Brown & Chapman, 1991) . In contrast, the data presented here suggest that some level of pre-or postzygotic reproductive isolation may play a role in maintaining phylogeographic patterns in F. heteroclitus. Our data highlight the potential for assortative mating and intrinsic hybrid breakdown as factors involved in the Table 7 Fertilization success for in vitro pure and reciprocal crosses of Fundulus heteroclitus. Standard deviation in parentheses. maintenance of this zone. In particular, we detect evidence for asymmetric assortative mating and postzygotic hybrid breakdown that depends upon cross direction. These data suggest that there may be an interaction between sex and cytonuclear type that could play a role in maintaining this hybrid zone. These results have broad implications for the dynamics of hybrid zones in general, pointing out the potential role for multiple isolating mechanisms, including intrinsic reproductive isolation, even in hybrid zones with relatively high gene flow where ecological selection and subsequent extrinsic reproductive isolation are likely to occur.
Limited evidence of habitat specialization as a prezygotic isolating mechanism
Although the northern and southern subspecies of F. heteroclitus exhibit substantial differences in environmental tolerance and preference, and egg and adult morphology that are replicated across a salinity ecotone in the Chesapeake Bay (e.g. Able & Felley, 1986; Marteinsdottir & Able, 1988; Whitehead et al., 2011) , we found only modest evidence of population genetic differentiation between sites that differed in abiotic characteristics within a single creek at the centre of the hybrid zone. These data suggest that fish are generally randomly distributed within the marsh with respect to mitochondrial genotype despite environmental variation between sites, but that there is some differentiation in nuclear genotype that can be detected using discriminant function analysis. However, at all sites, we detected a nonunimodal distribution of hybrid indices suggestive of the existence of some level of reproductive isolation between the subspecies. In addition, we detected an interaction between sex, mitochondrial genotype and collection location that suggests that complex mitonuclear epistasis may be playing a role in this system. Moreover, the sampling scheme used in the current study was not designed to detect subtle differences in habitat use that may be particularly important at the time of spawning. For example, differences in preferred spawning substrate, spawning cues and duration of the spawning season between the subspecies (Able, 1984; Taylor, 1986; Marteinsdottir & Able, 1992) could play a role in maintaining the bimodal pattern in hybrid indices that we observed.
The evidence for habitat specialization among sexes was clearest in the samples collected in the summer, when fish were in breeding condition. In general, F. Fig. 7 Frequency of pure-type and hybrid offspring (eggs and hatchlings) produced in a choice breeding experiment. Frequency was calculated independently within a developmental stage (eggs or hatchlings).
heteroclitus prefer salinities >20 ppt (Fritz & Garside, 1974; Bucking et al., 2012) , and laboratory studies suggest that they tend to avoid areas of very low salinity. However, females in reproductive condition do not show this aversion to freshwater (Marshall et al., 2016) and in the laboratory willingly enter water of around 3 ppt, which suggests that reproductively active females may seek out warm, shallow and slightly fresher water in which to breed. Although our sample sizes are moderate, our data are generally consistent with these patterns, as a sex ratio of 50:50 was observed at the mouth location (8. Osprey), which has the higher salinity that is generally preferred by killifish of both sexes. Females were over-represented at the middle collection location, which had relatively low salinity (5.5 ppt), consistent with their preference for warm shallow habitats with appropriate breeding substrates. The environmental conditions at the upstream location (32.4°C and 0.8 ppt; Table 1 ) have higher temperature and lower salinity than is preferred by killifish (Table S1) . In this habitat, there was a preponderance of males, which could indicate active avoidance of these areas by females. This makes sense as killifish embryos of both subspecies have reduced fertilization and hatching success at salinities below 5 ppt (Palmer & Able, 1987; Able & Palmer, 1988) , suggesting that this site does not provide appropriate spawning habitat, and may be avoided by females in breeding condition.
Potential role for sexually antagonistic selection
We observed an interesting pattern with respect to the distribution of sex, mitochondrial type and sampling location at the sampling location at the mouth of the creek (Location 8; Osprey), which exhibited an excess of southern mitochondrial-type females and northern mitochondrial-type males (Table 3 ; Fig. 3 ). In addition, males at this mouth location were also significantly more northern with respect to their nuclear genotypes, whereas females were more southern (Fig. 4) . This pattern suggests the possibility that an interaction between sex, nuclear genotype and mitochondrial type could be playing a role in maintaining this hybrid zone, and highlights a potential role for sexually antagonistic cytonuclear fitness interactions in this species (Rand et al., 2001; Dowling et al., 2008) . In general, the role of the sex chromosomes in mitonuclear co-evolution, and the potential for these interactions to maintain steep clines in mtDNA remains largely unexplored, but presents an intriguing possibility for the maintenance of steep clines in F. heteroclitus. Although we did not detect strong evidence of cytonuclear disequilibrium between mtDNA genotype and the nuclear loci genotyped here, it is possible that none of the markers used were on the sex chromosome as this chromosome has only been identified at the karyotype level in F. heteroclitus (Chen & Ruddle, 1970) , and only a few sex-linked genomic scaffolds have been recently identified (Reid et al., 2016) . The possibility of sexually antagonistic selection and interactions between X-linked loci and the mitochondrial genome as mechanisms shaping phylogeographic variation remains a fruitful avenue for future studies using whole-genome genotyping approaches in this species. Previous studies have hinted at an interaction between sex and environmental conditions in Atlantic killifish. For example, in a classic paper on changes in allele frequencies in killifish populations associated with the thermal of power plants (Mitton & Koehn, 1975) , there was an environmentally dependent association between allele frequencies at several allozymes and sex in F. heteroclitus. In addition, killifish collected from a marsh in Mantoloking, New Jersey (40.039014°N, À74.050598°W), which is very close to the sites represented here, exhibited a significant association between gene expression and sex such that different sexes exhibited different responses to hypoxia at the level of gene expression (Flight et al., 2011) . Flight et al. (2011) also found one example of a significant effect of mitochondrial type on gene expression in response to hypoxia such that individuals of the northern mitochondrial type showed significantly elevated transcription of a mitochondrial elongation factor (EF-Ts mt ) when compared to males and females possessing the southern mitochondrial type. Taken together, these studies suggest that there may be a mitochondrial genotype-dependent fitness difference between the sexes in F. heteroclitus in different environments.
Evidence for other prezygotic isolating barriers
We found no evidence of differential fertilization success among laboratory-generated pure and reciprocal crosses of F. heteroclitus. However, these experiments were performed using fish from the extremes of the species distribution, and it is possible that reproductive character displacement could occur in areas of overlap if there is strong selection against hybrid offspring (Palumbi, 2009 ). Experiments using individuals with different mitochondrial and/or nuclear genotypes sampled from the centre of the hybrid zone would be necessary to rule out this possibility. Similarly, our experiments suggest that when not given a choice, males and females of both F. heteroclitus subspecies will mate indiscriminately with members of the other subspecies, which is consistent with the general consensus in the literature that the two subspecies breed freely in both the laboratory and the field (Brown & Chapman, 1991) . In contrast, when given a choice, F. heteroclitus exhibit positive assortative mating. There are a variety of differences in meristic traits between the subspecies (Table S1) including the number of predorsal, lateral line and caudal peduncle scales as well as anal and caudal fin rays and gill rakers that could help individuals recognize more suitable mates when in sympatry (Able & Felley, 1986) . Specifically, we found that females of the southern subspecies and males of the northern subspecies were more likely to mate with individuals of the same type when present in a mixed school. In F. heteroclitus, females select appropriate spawning habitat and are then courted by one or more males. A single male and female undertake an elaborate spawning 'dance', with mating occurring between a single male and female pair at any given spawning event (Able & Hata, 1984) . Thus, a possible explanation for our observed pattern is a strong preference exhibited by southern females for consubspecific males, reducing the access of northern males to southern females, leaving them access only to northern females. In contrast, we see no evidence for assortative mating in northern F. heteroclitus females. The asymmetric assortative mating that we observed between the pure F. heteroclitus subspecies has the potential to influence introgression across the hybrid zone.
Evidence for post-zygotic isolating barriers
We also observed sex-based asymmetry in post-zygotic isolating barriers between F. heteroclitus subspecies. Consistent with previous work (DiMichele & Westerman, 1997), we found that offspring of pure crosses of the northern subspecies develop more rapidly than do offspring of pure crosses of the southern subspecies. Crosses between northern females and southern males exhibited generally intermediate developmental rates, consistent with additive genetic variation in a trait controlled by multiple loci. In contrast, crosses between southern females and northern males developed more rapidly than any other cross type. The appearance of transgressive phenotypes is common in hybrid crosses (Rieseberg et al., 1999) and can have a variety of impacts on fitness. Developmental rate in F. heteroclitus is thought to be under strong selection because of the reproductive mode of these fish (Williamson & DiMichele, 1997) . Funduus heteroclitus tend to spawn in shallow water at the extreme high tide of the tidal cycle, and the eggs can be exposed to air during development. The eggs then hatch when immersed at the next spring tide. However, larvae from eggs that are not at the appropriate developmental stage at the time of this immersion are unlikely to survive. Thus, timing hatching with the next extreme high tide of the tidal cycle may be critical in this species (DiMichele & Westerman, 1997) and the altered developmental rate of crosses between southern males and northern females is likely to be strongly selected against, potentially acting as a potent post-zygotic isolating barrier between the subspecies. Crosses between female southern fish and male northern fish, which result in offspring with inappropriate developmental rates, are also the crosses that are the least likely to occur when fish are allowed a choice of mates. This pattern is consistent with evolution of assortative mating by reinforcement (Servedio & Noor, 2003) due to a post-zygotic isolating barrier.
Although we find clear evidence of both pre-and post-zygotic isolation for crosses between southern females and northern males, this pattern is asymmetric, as there is no evidence that crosses between northern females and southern males develop inappropriately or occur at lower than expected rates. Interestingly, populations of the northern subspecies of F. heteroclitus do not exhibit the strong semilunar patterns of spawning that are evident in the southern subspecies (McMullin et al., 2009) , suggesting that the temporal constraint on developmental rate may not be as strong for the northern subspecies, as their eggs are less likely to be stranded out of water at the time of hatching because of lack of synchronization with the tidal cycle. However, the rapid developmental rate of the northern subspecies may be under selection in colder northern habitats to compensate for the negative effects of low temperature on growth. This pattern of countergradient variation in developmental rates has been observed in several species of inshore fishes along the Atlantic coast (Conover & Schultz, 1995; Schultz et al., 1996) and has been suggested to be a consequence of selection due to latitudinal gradients in environmental temperature. Thus, although there is no evidence of hybrid breakdown when northern females are crossed to southern males in the laboratory, the intermediate development rate of the offspring of these crosses could result in lower fitness in natural environments.
Conclusions
Our data suggest that complex interactions between nuclear genotype, mitochondrial genotype, environment and sex may be playing a role in maintaining the hybrid zone between F. heteroclitus subspecies and potentially shaping clinal patterns in allele frequencies along the coast. Although the potential for reproductive isolating barriers in this system has been largely neglected, we found some evidence of asymmetric assortative mating and intrinsic post-zygotic hybrid breakdown between fish of the two pure subspecies. It is clear that during their time spent in allopatry, the two subspecies of Fundulus heteroclitus have accumulated numerous differences with respect to physiology, behaviour, genetics, biochemistry, embryonic and larval traits, egg morphology and nutrient allocation (Table S1 ), and our data suggest that these various differences may be reducing the frequency of successful hybridization between the two subspecies in the region where they come into contact, thus leading to the persistence of a stable bimodal hybrid zone.
Our results are consistent with those in other systems with intermediate levels of reproductive isolation, such as Heliconius butterflies (Arias et al., 2012) , and suggest that combinations of multiple types of isolating mechanisms, along with phenotypic differences resulting in ecological selection, may maintain population divergence in the face of gene flow and can play an important role in shaping semipermeable hybrid zones and the allele frequency clines that they produce.
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